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Abstract –Standard analytical construction of the many-body wave function of interacting par-
ticles in one dimension, beyond mean-field theory, is based on the Jastrow approach. The many-
body interacting ground state is build up from the ground state of the non-interacting system
and the product of solutions of the corresponding interacting two-body problem. However, this is
possible only if the center-of-mass motion is decoupled from the mutual interactions. In our work,
based on the general constraints given by contact nature of the atom-atom interactions, we present
an alternative approach to the standard construction of the pair-correlation wave-function. Within
the proposed ansatz, we study the many-body properties of trapped bosons as well as fermionic
mixtures and we compare these predictions with the exact diagonalization approach in a wide
range of particle numbers, interaction strengths, and different trapping potentials.
The tremendous progress in experimental techniques
has opened up the possibilities to control properties of
various artificial quantum systems composed of ultra-
cold interacting particles [1]. In particular, quasi-one-
dimensional systems of atoms with precisely controlled
particle number have been experimentally investigated
[2–8]. Such systems allow the experimental verification
of the different theoretical predictions. The exactly solv-
able model of infinitely repulsive bosons, Tonks-Girardeau
(TG) gas, observed recently [2] allowed to explore the
Bose-Fermi mapping [9]. In the regime of finite interac-
tions, the best known analytically solvable model is the
celebrated Busch et al. model [10] of two indistinguish-
able particles in a harmonic trap. The generalization of
this model to finite-range soft-core interactions has been
recently found in [11]. For a larger number of particles, ex-
act solutions are known only for homogeneous systems and
they are constructed via the Bethe ansatz [12,13]. For non-
solvable models the construction of the many-body wave
function, beyond the mean-field approach, can be done
within the interpolatory ansatz [14, 15] or in the frame-
work of the pair-correlated function, i.e., the approximate
variational approach based on the solutions of the corre-
sponding interacting two-body problem [16]. Recently, in
the context of ultra-cold atoms, this approach was adopted
to bosonic systems with long-range [17] and contact inter-
actions [18] as well as for fermionic mixtures [19] in a one-
dimensional harmonic trap. It should be pointed, how-
ever, that such a construction is possible only when the
solution of the two body-problem can be represented as
a product of the center-of-mass and relative motion wave
function. Consequently, this conceptually easy approach
is very limited.
In this work, we present an alternative construction of
the wave function for the many-body ground state based
only on a constraint forced by the contact interactions.
Such an approach allows us to consider many-body wave
function independently on the two-body solutions.
Let us consider the system of N ultra-cold contact in-
teracting particles in a quasi-one-dimensional trap V (x)
described by the Hamiltonian
H =
N∑
i=1
[
− ~
2
2m
∂2
∂x2i
+ V (xi)
]
+ g
∑
i<j
δ(xi − xj), (1)
where the parameter g is an effective strength of con-
tact interactions tunable via Feschbach resonances [21] or
strength of the trap in perpendicular directions [22]. Al-
though the Hamiltonian (1) is very general, in the follow-
ing, we focus on the system of N spinless bosons or on the
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two-component (pseudo) spin-1/2 mixture ofN = N↑+N↓
fermions. Let us note that the interaction term in Eq.
(1) contributes only when the spatial wave function is
symmetric under particle exchange. For fermions with
the same spin the wave function is always antisymmetric.
Therefore the interaction term is not vanishing only be-
tween particles of opposite spins. For further convenience
we introduce the position vector r = (x1, . . . , xN ).
It is important to note that inter-particle interactions
modeled by the Dirac δ pseudo-potential introduce very
specific, non-analytical conditions to any eigenstate Ψ(r)
of the Hamiltonian (1). These conditions read [20]:
(
∂Ψ
∂xi
− ∂Ψ
∂xj
)∣∣∣∣
xi=x
+
j
−
(
∂Ψ
∂xi
− ∂Ψ
∂xj
)∣∣∣∣
xi=x
−
j
= 2g Ψ(r)|xi=xj . (2)
The simplest way to determine the structure of the ground
state satisfying these conditions is to rewrite its wave func-
tion as a normalized product
ΨG(r) = N Φ(r)φ(r), (3)
of the analytical function Φ(r) encoding information
about the external confinement and the non-analytical
function φ(r) which directly fulfills requirements caused
by contact interactions. Representation of the ground-
state wave function as a product (3) is very general and
can be realized in many different ways. However, since all
mutual interactions considered affects only two selected
particles, one can restrict the whole analysis only to sit-
uations when the function φ(r) is a product of correlated
pairs
φ(r) =
∏
i<j
ϕ
(
xi − xj√
2
)
, (4)
with function ϕ(x) having discontinuous derivative at x =
0 and satisfying
lim
η→0+
[ϕ′(η)− ϕ′(−η)] =
√
2gϕ(0). (5)
This condition assures that the corresponding total wave
function satisfies the conditions (2). The general frame-
work presented above can be utilized for different systems
and confinements straightforwardly by selecting functions
Φ(r) and φ(r) from some family of variational wave func-
tions satisfying the mentioned conditions.
In the following, we will adopt this procedure in the case
of spinless bosons and mixture of fermions showing that
there is a huge freedom in choosing appropriate trial func-
tions. The case of harmonically trapped spinless bosons
(V (x) = mΩ2x2/2) was deeply analyzed in the literature
[17–19]. Following Jastrow, in this case it is typically as-
sumed that the correlated pair function ϕ(x) can be cho-
sen as the ground-state solution of the corresponding two-
body problem with respect to the relative motion while
analytical part Φ(r) is assumed to be the ground-state
wave function of the non-interacting particles. This ap-
proach is doable since in the case of the harmonic poten-
tial the ground-state wave function for the relative motion
of the two-body Hamiltonian is known and it can be ex-
pressed in terms of the confluent hypergeometric function
[10] (without loosing generality we set m = ~ = Ω = 1)
ψ(x1, x2) = e
−(x21+x
2
2)/2U
(
− ǫ
2
,
1
2
,
(x1 − x2)2
2
)
, (6)
and ǫ is the smallest root of the following transcendental
equation 2
√
2 Γ(1/2 − ǫ/2) = −g Γ(−ǫ/2), where Γ(x) is
the Euler gamma function. Based on this two-body so-
lution one introduces a variational family of solutions (4)
which automatically satisfy conditions (2)
ϕα(x) = U
(
− ǫα
2
,
1
2
, α2x2
)
, (7)
with ǫα being dependent on a variational parameter α and
determined by the constrain
2
√
2 · α · Γ(1/2− ǫα/2) = −g · Γ(−ǫα/2). (8)
Variational wave function of this form reproduces the ex-
act solutions in the two limiting cases, g = 0 and g →∞,
for any N . Therefore, it was recently used with a great
success to study ground-state properties of a few bosons
[18] and adopted further for other harmonically confined
systems [18,24]. Unfortunately, this straightforward adap-
tation of the very intuitive Jastrow idea automatically
brings many disadvantages. The main numerical prob-
lem is related to a quite intricate definition of the hyper-
geometric function U being a function of the parameter
ǫα which is determined by α via transcendental equation
(8). All these lead to an arduous adaptation procedure
for finding the best approximation of the ground state
of the system. In consequence, variational approach for
larger number of particles become impossible. Moreover,
the approach completely fails when other confinements are
considered since the construction is based on the exact
solution of the relative motion for the two-body problem.
While separation of the relative motion is possible only for
problems described by quadratic Hamiltonians, straight-
forward generalization to other trapping potentials is not
possible.
At this point, it should be emphasized that the proposed
variational wave function constructed from the two-body
solutions (7) and non-interacting ground-state Φ(r) is not
the unique possible realization of the general requirements
expressed by constraints (2). For example, starting from
works by Brouzos and Schmelcher [18, 19], it is very com-
mon to consider analytical part of the wave function Φ(r)
not as a ground-state of non-interacting particles but as a
function
Φα(r) = e
−R2/α2
∏
i<j
e−α
2(xi−xj)
2/4. (9)
p-2
Variational approach for interacting ultra-cold atoms in arbitrary one-dimensional confinement
g=0.5
g=2
g=5
g=10
aL
´ ´ ´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´ ´ ´ ´ ´ ´
´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´
´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´
´ ´ ´
´ ´
´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
0 1 2 3
0
0.1
0.2
0.3
0.4
0.5
Ρ
Hx
L
g=0.5
g=2
g=5
g=10
bL
´ ´ ´ ´ ´ ´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´ ´ ´
´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´
´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´ ´
´ ´ ´
´
´ ´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´
0 1 2 3
0
0.1
0.2
0.3
0.4
0.5
g=0.5
g=2
g=5
g=10
cL
´ ´ ´ ´ ´ ´ ´ ´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´
´ ´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´ ´
´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´ ´ ´ ´ ´
´ ´ ´ ´ ´ ´ ´ ´
´
´ ´ ´ ´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´
0 1 2 3
0
0.1
0.2
0.3
0.4
x
Ρ
Hx
L
N=5
N=10
N=15
N=20
dL
´
´
´
´
´
´
´
´
´
´
´
´
´ ´ ´ ´
´ ´
´
´
´
´
´
´
´
´
´
´
´
´ ´
´
´
´
´
´
´
´
´
´
´
´
´
´ ´
´
´
´
´
´
´
´
´
´
´
´ ´
0 1 2 3
0
0.1
0.2
0.3
0.4
x
Fig. 1: Single-particle density profile for interacting bosons
confined in a harmonic trap obtained with the exact diago-
nalization approach (solid lines) and the ansatz (10) (crossed
dots). Panels (a), (b) and (c) correspond to particle number
N = 2, 3, 4, respectively. Each panel presents different interac-
tion strength g = 0.5, 2, 5, 10 (lines from top to bottom). Panel
(d) presents an analogous comparison between ansatz (10) and
exact diagonalization for fixed interaction strength g = 0.5 and
different particle numbers N = 5, 10, 15, 20. Positions and den-
sities are measured in natural units of the harmonic oscillator,√
~/mΩ and
√
mΩ/~, respectively.
depending on the same variational parameter α which is
used in the non-analytical part ϕα(x). Although this in-
teresting approach explicitly incorporates a decoupling of
the center-of-mass motion and makes the analytical part
sensitive to the variational parameter, in fact, it only in-
creases a numerical complexity. Simply, its accuracy is
similar to that with Φ(r) taken as a ground-state of the
non-interacting particles with α =
√
2/N .
To overcome all difficulties described above we propose
a quite simple pair-correlation function which does not
require any knowledge on the two body-solution, i.e.,
ϕ˜α(x) =
1
α
(
1− λe−α|x|
)
. (10a)
with parameter λ chosen appropriately to fulfill disconti-
nuity conditions (2):
λ =
g√
2α+ g
. (10b)
It is worth noting that a very similar two-parameter
pair-correlation function of the form ϕ˜(x, y) = 1 −
βe−α(x
2+y2) has been successfully used for studying the
systems of bosons in a two-dimensional isotropic harmonic
trap in the presence of a finite-range Gaussian interaction
[23].
Directly by this construction, whenever analytical part
Φ(r) is chosen as a non-interacting many-body bosonic
ground state, the total many-body wave function (3) au-
tomatically reproduces (up to the normalization factor
N ) the many-body ground-state for vanishing interactions
(g = 0). Moreover, the analytical solution in the TG limit
(in a harmonic confinement) is also appropriately captured
with this ansatz. In fact, when the system approaches the
TG limit (g → ∞), the variational parameter α → 0 and
consequently ϕ˜α(x)→ |x|. All this means, that the ansatz
(10) has all properties of the prior descriptions based on
the confluent hypergeometric function. At the same time,
it is devoid of numerical difficulties and can be used for a
large number of particles with limited numerical resources.
At this point it should be emphasized that the general
framework presented above paves the way for generaliza-
tion to other confinements. This possibility originates in a
huge freedom of choosing the form of the pair-correlation
function φ(r). Although one can expect that the proposed
function (10) is a reasonable choice for any single-well, spa-
tially bounded potential, it certainly fails for other, more
complex external confinements. For obvious reasons, there
is no general prescription for choosing the best form of
the pair-correlation function and one should rely mainly
on physical intuition and on numerical studies of trial and
error.
The variational trial function (10), as an approximate
description of the many-body ground state, describes ap-
propriately ground-state properties in a whole range of
repulsive interactions. We checked that for bosonic sys-
tems it recovers the ground-state energy perfectly when
compared to the standard approach [18] based on known
two-body solutions (7). It also appropriately describes dif-
ferent single-particle quantities. Indeed, in Fig. 1 we plot
single-particle density profile
ρ(x) =
∫
|ΨG(x, x2, ..., xN )|2 dx2 · · ·dxN (11)
as predicted by the ansatz (crossed dots) for the system
of N interacting bosons confined in a harmonic trap. The
results are compared with those obtained by a direct exact
numerical diagonalization of the many-body Hamiltonian
(1) (solid lines). The diagonalization is performed in the
lowest energetically Fock basis constructed from single-
particle orbitals of a harmonic oscillator [25, 26]. Ad-
ditionally, to accelerate the convergence of the method,
we apply an optimization strategy based on minimiza-
tion of the ground-state energy with respect to an effec-
tive width of the single-particle basis [27]. This strat-
egy strongly reduces the number of single-particle orbitals
needed to obtain well-converged results. In panels (a)-
(c) in Fig. 1 we present the results for small number of
particles (N = 2, 3, 4) and different interactions varying
from the perturbative (g = 0.5) to the strongly-correlated
regime (g = 10). In contrast, in panel (d) we present the
results for a large number of particles and fixed interac-
tion g = 0.5. Note that for a larger number of particles
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Fig. 2: Single-particle densities for N = 2 (left panel) and N =
4 (right panel) bosons confined in a potential V (x) = x4 with
interaction strengh g = 0.5, 2, 5, 10 (lines from top to bottom),
obtained with exact diagonalization (solid lines) and the ansatz
(10) (crossed dots). Positions and densities are measured in
natural units of the problem, (~2/mK)1/6 and (mK/~2)1/6,
respectively.
the interaction energy is strongly amplified and the sys-
tem is far from the perturbative regime. Nevertheless, In
all cases presented, predictions of the ansatz are almost in
a perfect agreement with the exact ones, properly recon-
structing the TG limit.
Now let us demonstrate that the ansatz (10) can also be
used for other confinements. We focus on the simplest an-
harmonic trapping potential, i.e., the quartic anharmonic
oscillator V (x) = Kx4. In this case it is convenient to
measure all quantities in natural units of the problem.
Namely, if one measures lengths and energies in units of
(~2/mK)1/6 and (K~4/m2)1/3, respectively, then the cor-
responding many-body Hamiltonian reads:
H =
N∑
i=1
(
−1
2
∂2
∂x2i
+ x4i
)
+ g˜
∑
i<j
δ(xi − xj), (12)
where g˜ is appropriately rescaled strength of interactions
in chosen units. Nothe that in this case the corresponding
two-body solution is not known and therefore the stan-
dard Jastrow approach cannot be adopted. However, as
explained before, the adoption of the proposed ansatz is
straightforward since the only modification is encoded in
the analytical part of the many-body wave function Φ(r).
Therefore, to find an optimal many-body ground state, we
solve numerically the single-particle problem in selected
confinement and we use the lowest energy eigenstate to
construct the function Φ(r). Then, we perform the vari-
ational optimization of the many-body ansatz (3) with
correlated pair function (10). In Fig. 2 we present single-
particle density profiles of the many-body ground state
(11) for N = 2 and N = 4 particles obtained with the
ansatz (crossed dots) and we compare them with those ob-
tained with the optimized exact diagonalization approach
described before. As it is seen, the ansatz almost per-
fectly recovers single-particle shapes for small as well as
for strong interactions.
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Fig. 3: Left panel: Ground-state energy of fermionic mixtures
with different number of particles confined in a harmonic trap
obtained with the ansatz (10) (crossed dots guided by thin
dashed lines). Solid lines corresponds to analytical predictions
of the Busch et al. model [10] (N = 2) and with the ex-
act diagonalization approach (N > 2). Note that for stronger
interactions the exact diagonalization results become overes-
timated due to the numerical cut-off of a single-particle basis
introduced to perform calculations. Right panel: Optimal val-
ues of the variational parameter α as a function of interactions
for different numbers of fermions confined in a harmonic trap.
Interaction strength, energies, and the variational parameter
α are measured in natural units of the harmonic oscillator,
(~3Ω/m)1/2, ~Ω, and
√
mΩ/~ respectively.
Finally, let us discuss a much more complicated system
of N = N↑+N↓ fermions confined in a harmonic trap. In
this case positions of particles form two algebraic vectors
r↓ = (x
↓
1, . . . , x
↓
N↓
) and r↑ = (x
↑
1, . . . , x
↑
N↑
). Since iden-
tical fermions cannot occupy the same single-particle or-
bital, the analytical part of the ground-state wave function
Φ(r) is constructed as a product of two Slater determi-
nants of the lowest harmonic oscillator states Φ↑(r↑) and
Φ↓(r↓), respectively, while the non-analytical part φ(r)
is a product of correlated-pair functions for particles be-
longing to the opposite flavors only. In the case of the in-
finitely strong interactions between opposite spin fermions
the ansatz reproduces the exact many-body ground state.
For intermediate interactions, the strategy is exactly
the same as in the case of bosons, i.e., variational pa-
rameter α is found to minimize energy of the system (see
Fig. 3 for details). Having the variational approximation
of the ground-state of the system one calculates single-
particle density profiles for each component, ρσ(rσ). In
Fig. 4 we show exemplary results obtained for N = 4 par-
ticles with their different distributions among components
(N↑ −N↓ = 0 or 2) and different interaction strengths g.
Very good agreement of the results with exact diagonal-
ization predictions is clearly visible. Note however, that
some deviations are visible for intermediate interactions
(g = 2). They are direct consequences of an immanent
inaccuracy of the ansatz which restores the exact solution
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Fig. 4: Single-particle densities for two-component fermionic
mixtures with total particle number N = N↑ + N↓ = 4 for
g = 0.5 and g = 2. Solid lines and crossed dots mark the
results obtained from the exact diagonalization and variational
ansatz, respectively. The lines A and C mark the results for the
asymmetric mixture N↑ = 1, N↓ = 3, ρ↑(x) and ρ↓(x), whereas
the line B corresponds to the symmetric mixture N↑ = N↓ = 2,
ρ↑↓(x). Positions and densities are measured in natural units
of the harmonic oscillator,
√
~/mΩ and
√
mΩ/~, respectively.
only in g = 0 and g → ∞. Around the center of the
trap, where the density of particles is the largest, the den-
sity profile is not restored exactly by the ansatz. With
increasing interactions, these deviations slowly vanish and
the exact result is restored in the TG limit (g →∞).
Finally, let us also show that the ansatz proposed cap-
tures not only single-particle quantities but it is also able
to predict inter-particle correlations. In the following we
focus on correlations encoded in the off-diagonal part of
the pair-correlation function
G(2)(x) =
∫
|ΨG(x,−x, ..., xN )|2 dx3 · · · dxN . (13)
This quantity can be straightforwardly interpreted as a
probability density of finding two particles exactly at op-
posite sides of the trap. Particularly, in Fig. 5 we
show G(2)(x) obtained for different four-particle systems
(bosons and fermions) confined in a harmonic trap. For
fermionic system (N↑ = N↓ = 2) we calculate inter-species
correlation by performing integrations in (13) over x↑2 and
x↓2. It is clearly seen that the results obtained with the
ansatz (10) are in good agreement with those obtained
by the exact diagonalization of the Hamiltonian. How-
ever, some discrepancies are also clearly visible in the case
of fermionic mixtures for larger interactions. This is a
direct manifestation of the known fact that in the case
of fermionic systems inter-particle correlations are much
harder to be properly captured by any variational method
due to a highly non-trivial role of the quantum statistics
[18].
In the conclusions, we present an alternative approach
to the construction of the variational many-body wave
function which is based on general restrictions forced by
the assumed contact two-body interactions. In contrast to
the original Jastrow approach, the proposed ansatz does
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Fig. 5: Off-diagonal part of the pair-correlation function
G(2)(x) for interacting system of N = 4 bosons (left panel)
andN↓ = N↑ = 2 fermions (right panel) confined in a harmonic
trap. Results obtained via the ansatz (10) (crossed dots) are
compared with the results obtained with the exact diagonaliza-
tion of the many-body Hamiltonian (solid lines). Positions and
pair-correlation are measured in natural units of the harmonic
oscillator,
√
~/mΩ and (mΩ/~)1/4, respectively.
not require any knowledge about the solution of the cor-
responding two-body problem. Therefore it can be eas-
ily adapted for different trapping potentials and different
quantum statistics. It should be pointed out, however,
that straightforward generalization to higher dimensions
is not possible due to necessary regularization of the con-
tact potential. Predictions of the proposed ansatz are very
close to those obtained via the exact diagonalization in a
wide range of particle numbers and interaction strengths.
∗ ∗ ∗
This work was supported by the (Polish) National Sci-
ence Center Grant No. 2016/22/E/ST2/00555 (MP, TS)
REFERENCES
[1] Lewenstein M., Sanpera A. and Ahufinger V., Ul-
tracold Atoms in Optical Lattices: Simulating quantum
many-body systems (Oxford University Press, Oxford)
2012.
[2] Kinoshita T., Wenger T. and Weiss D. S., Science,
305 (2004) 1125.
[3] Ottenstein T. B., Lompe T., Kohnen M., Wenz
A. N. and Jochim S., Phys. Rev. Lett., 101 (2008)
203202.
[4] Wenz A. N., Lompe T., Ottenstein T. B., Serwane
F., Zürn G. and Jochim S., Phys. Rev. A, 80 (2009)
040702.
[5] Lompe T., Ottenstein T. B., Serwane F., Wenz
A. N., Zürn G. and Jochim S., , 330 (2010) 940.
[6] Lompe T., Ottenstein T. B., Serwane F., Viering
K., Wenz A. N., Zürn G. and Jochim S., Phys. Rev.
Lett., 105 (2010) 103201.
[7] Serwane F., Zürn G., Lompe T., Ottenstein T.,
Wenz A. and Jochim S., Science, 332 (2011) 336.
[8] Zürn G., Serwane F., Lompe T., Wenz A. N., Ries
M. G., Bohn J. E. and Jochim S., Phys. Rev. Lett.,
108 (2012) 075303.
p-5
P. Kościk, M. Płodzień, T. Sowiński
[9] Girardeau M., J. Math. Phys., 1 (1960) 516.
[10] Busch T., Englert B. G., Rza¸żewski K. and
Wilkens M., Found. Phys., 28 (1998) 549.
[11] Kościk P. and Sowiński T., Scientific Reports, 8 (2018)
48.
[12] Bethe H., Zeitschrift für Physik, 71 (1931) 205.
[13] Guan X. W., Batchelor M. T. and Lee C., Rev. Mod.
Phys., 85 (2013) 1633.
[14] Andersen M. E. S., Dehkharghani A. S., Volosniev
A. G., Lindgren E. J. and Zinner N. T., Scientific
Reports, 6 (2016) 28362.
[15] Pęcak D., Dehkharghani A. S., Zinner N. T. and
Sowiński T., Phys. Rev. A, 95 (2017) 053632.
[16] Jastrow R., Phys. Rev., 98 (1955) 1479.
[17] Cremon J. C., Few-Body Systems, 53 (2012) 267.
[18] Brouzos I. and Schmelcher P., Phys. Rev. Lett., 108
(2012) 045301.
[19] Brouzos I. and Schmelcher P., Phys. Rev. A, 87
(2013) 023605.
[20] Lieb E. H. and Liniger W., Phys. Rev., 130 (1963)
1605.
[21] Chin C., Grimm R., Julienne P. S. and Tiesinga E.,
Rev. Mod. Phys., 82 (2010) 1225.
[22] Olshanii M., Phys. Rev. Lett., 81 (1998) 938.
[23] Mujal P., Sarlé E., Polls A. and Juliá-Díaz
B.,Phys. Rev. A, 96 (2017) 043614.
[24] Barfknecht R. E., Dehkharghani A. S., Foerster
A. and Zinner N. T., Journal of Physics B: Atomic,
Molecular and Optical Physics, 49 (2016) 135301.
[25] Haugset T. andHaugerud H., Phys. Rev. A, 57 (1998)
3809.
[26] Płodzień M., Wiater D., Chrostowski A. and Sow-
iński T., preprint arXiv:1803.08387, (2018) .
[27] Kościk P., Phys. Lett. A, 382 (2018) 2561.
p-6
